Abstract. The effect of testosterone, a sex steroid, on endothelial cells is controversial as it is uncertain if it has a protective effect on them. Whether physiological testosterone can inhibit the deleterious effects of advanced glycation end products (AGEs) on endothelial cells remains to be elucidated. The present study focused on elucidating the effect of testosterone on the injury of endothelial cells induced by AGEs. Human umbilical vein endothelial cells (HUVECs) were cultured in vitro and treated with AGEs in the presence or absence of various concentrations of testosterone. The cell viability in each group was measured using an MTS assay. Early-stage apoptosis was detected using flow cytometry with Annexin V-fluorescein isothiocyanate/propidium iodide double staining, and the expression levels of apoptosis-associated proteins, B cell lymphoma-2 (Bcl-2), Bcl-2-associated X protein (Bax) and caspase-3, were determined using western blot analysis. Oxidative stress and pro-inflammatory parameters in the medium were evaluated using an enzyme-linked immunosorbent assay. The MTS results showed that AGEs significantly decreased the proliferation of HUVECs, whereas a physiological concentration of testosterone alleviated this damage. Physiological concentrations of testosterone protected the HUVECs from AGE-induced apoptosis, mediated by caspase-3 and Bax/Bcl-2. In addition, treatment of the HUVECs with AGEs caused a significant decrease in anti-oxidative parameters, but increased the concentrations of malondialdehyde and tumor necrosis factor-α. The activation of Janus kinase 2 and signal transducer and activator of transcription 3 was significantly increased by incubation with AGEs. However, pre-incubation with a physiological concentration of testosterone attenuated these changes. Therefore, the data obtained in the present study established the potential role of physiological testosterone in ameliorating AGE-induced damage in HUVECs.
Introduction
Diabetes mellitus is one of the most prevalent diseases worldwide, and is associated with a number of microvascular complications, including retinopathy, neuropathy and nephropathy, and macrovascular complications, including ischemic heart disease, cerebrovascular disease and peripheral vascular diseases (1, 2) . Advanced glycation end products (AGEs) have been recognized as an important inducer in diabetes and a number of age-related vasculopathies (3) . AGEs are formed by the non-enzymatic glycation reaction of reducing sugars and proteins, nucleic acids and lipids (4) . There is increasing evidence demonstrating that AGEs are intimately involved in the pathophysiology of diabetic cardiovascular disease by stimulating oxidative stress, pro-inflammatory effects and apoptotic responses, and modulating vascular stiffness (5) (6) (7) .
There is a significant difference in atherosclerotic vascular disease between women and men, possibly due to men lacking the protection afforded to women by estrogen (8) . For decades, high levels of testosterone have been considered to be detrimental to the cardiovascular system following reports of sudden high-dose anabolic steroid abuse-associated mortality and the higher male incidence of coronary artery diseases (9, 10) . However, several studies have presented alternative results. In men, as testosterone levels fall with increasing age, the incidence of coronary heart disease increases (11, 12) . Furthermore, low plasma testosterone levels in men are associated with other known coronary heart disease risk factors, including hypertension, obesity, increased levels of fibrinogen, hyperinsulinemia, diabetes mellitus and adverse lipid profiles (13) . However, the effects of the administration of testosterone on atherogenesis are controversial. Testosterone has been reported to increase the extent of atherosclerosis (14) , however, its administration has also been reported to cause a decrease in atherosclerosis in low density lipoprotein-receptor knockout mice (15) . Similarly, androgens appear to have an anti-atherogenic effect in men (16) . Testosterone is the most abundant androgen in males, with a physiological plasma level of 22.7±4.3 nM, and it declines progressively with increasing Protective effects of physiological testosterone on advanced glycation end product-induced injury in human endothelial cells age (17) . Previous studies have shown that testosterone at physiological concentrations may have a beneficial effect on the prevention of thrombosis development (18) , stimulation of endothelial cell proliferation (19) and activation of endothelial nitric oxide synthase (NOS) (20) .
However, whether and how physiological testosterone inhibits the deleterious effects of AGEs on human umbilical vein endothelial cells (HUVECs) remains to be elucidated. Therefore, the present study aimed to investigate the effects of physiological testosterone on AGE-induced injury in HUVECs.
Materials and methods

Materials.
Testosterone, bovine serum albumin (BSA), D-glucose, trypsin/EDTA solution and DMSO were purchased from Sigma-Aldrich; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). The MTS CellTiter 96 Aqueous kit was purchased from Promega (Madison, WI, USA). The Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit was obtained from BioVision, Inc. (Milpitas, CA, USA). Assay kits for the measurement of NO production, NOS activity, and superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and malondialdehyde (MDA) concentrations were purchased from Jiancheng Bioengineering Research Institute (Nanjing, China). The tumor necrosis factor (TNF)-α concentration assay kit was obtained from R&D Systems (Minneapolis, MN, USA).
Preparation of AGE-BSA in vitro.
The AGEs were prepared as previously described by Xu et al (21) . Briefly, BSA was incubated under sterile conditions with 50 mM D-glucose in 5% CO2/95% air at 37˚C in the dark for 12 weeks. The unincorporated glucose molecules were removed by dialysis overnight against 0.01 M phosphate-buffered saline (PBS). The success of the AGE preparation was determined using a Spectra Max Gemini EM fluorescence reader (Molecular Devices LLC, Sunnyvale, CA, USA). The measurements were performed in triplicate at the excitation wavelength of 370 nm, and the emission peak was observed at 460 nm. The AGEs were stored at -20˚C until use. BSA incubated without D-glucose under the same conditions was used as the negative control.
Cell culture. HUVECs were obtained from ScienCell Research Laboratories (Carlsbad, CA, USA). The cells were cultured in endothelial cell growth media with 5% supplemental fetal bovine serum, 1X endothelial cell growth supplement, 10 U/ml penicillin and 10 µg/ml streptomycin medium and all components were obtained from ScienCell Research Laboratories) in humidified air, 5% CO2 at 37˚C. The cells of the third to fifth passages were used, when specific characteristics of endothelial cells were identified by morphological observation. The HUVECs were separately cultivated at a density of 10 5 /ml in culture medium containing testosterone at concentrations of 3 nM, 30 nM, 3 µM and 30 µM. Following 1 h of incubation with testosterone, a sample of each cell culture (density 10 5 /ml) was treated with 200 mg/ml AGEs or unmodified BSA. The cell culture was maintained in humidified 5% CO 2 atmosphere at 37˚C. At 48 h post-AGE induction, samples from these two culture groups were collected for measurements.
Cell viability analysis. The CellTiter 96 Aqueous kit was used to assess cell viability, according to the manufacturer's protocol, using MTS reagent. Briefly, the cells were plated at a density of 1.5x10 4 cells/well in a 96-well plate and incubated in growth media for 18 h. The cells were further incubated with or without testosterone for 1 h, followed by stimulation with 200 µg/ml of AGEs or unmodified BSA. The cell culture was maintained in humidified 5% CO 2 atmosphere at 37˚C. After 48 h of culture, MTS solution was added to each well for 3 h, and light absorbance was detected at 490 nm. 
Evaluation of oxidative stress and pro-inflammatory parameters.
For the measurement of oxidative stress and pro-inflammatory parameters in the medium, the HUVECs were seeded at density of 10 5 /well stimulated with BSA (200 µg/ml), AGEs (200 µg/ml), testosterone (30 nM) or AGEs+testosterone (30 nM). Following incubation for 48 h with humidified 5% CO 2 atmosphere at 37˚C, the culture supernatant was collected. The production of NO, activity of NOS, and concentrations of SOD, GSH-Px and MDA were determined using commercially available assay kits. An enzyme-linked immunosorbent assay (ELISA) for TNF-α was performed on cell culture supernatants using a commercial assay. All procedures were performed according to the manufacturer's protocols.
Western blot analysis. The activation of JAK2 and STAT3 in the HUVECs were assayed using western blot analysis. Following treatment, the cells were extracted using lysis buffer containing 50 mM Tris-Cl, 2.5 mM EGTA, 1 mM EDTA, 10 mM NaF, 1% deoxycorticosterone, 1% Triton X-100, 1 mM phenyl methylsulfonyl fluoride and 2 mM Na3VO4. Protein samples from the HUVEC cells were quantified by the bovine serum albumin protein assay kit (Thermo Fisher Scientific, Inc.). The proteins (30 µg) were separated using 4-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and were subsequently transferred onto an Immun-Blot PVDF membrane. The membrane was then incubated with primary antibodies overnight at 4˚C. The blots were blocked with 4% BSA for 1 h at room temperature and then probed with the primary antibodies against rabbit primary antibodies [Anti-JAK2 (cat. no. 3230), anti-phosphorylated-JAK2 (cat. no. 3771), anti-STAT3 (cat. no. 8768) and anti-phosphorylated-STAT3 (cat. no. 9145) and anti-β-actin (cat. no. 4967); 1:1,000 dilution; Cell Signaling Technology, Inc.] overnight at 4˚C. Following three washes, the blots were subsequently incubated with horseradish peroxidase-labeled anti-rabbit antibody (cat. no. 7074; 1:1,000; Cell Signaling Technology, Inc.) for 1 h at room temperature. The specific proteins were detected using Super Signal West Pico Chemiluminescent Substrate kit (Thermo Fisher Scientific, Inc.). The band intensities were measured using Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and normalized to total protein.
Statistical analysis. Data are presented as the mean ± standard error of the mean obtained from three independent experiments. One-way analysis of variance followed by Tukey's HSD post-hoc comparisons were used to determine the differences among multiple groups. SPSS 14.0 software (SPSS, Inc., Chicago, IL, USA) was used. P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of testosterone on the viability of HUVECs exposed to AGEs. As revealed by the MTS assay, the incubation of HUVECs with AGEs (200 µg/ml) led to a significant reduction in cell proliferation (P<0.05, vs. control group; Fig. 1 ). By contrast, in the presence of 30 nM testosterone, a significant increase (P<0.05) in cell viability was observed, compared with the AGE group, although this effect was not observed at the 3 nM or 3 µM concentrations of testosterone. At a supraphysiological concentration (30 µM) of testosterone, cell viability was markedly reduced (P<0.05), compared with the control group and AGE group. Neither the unmodified BSA or DMSO affected cell viability (P>0.05), compared with the control group. Collectively, these data demonstrated that the physiological concentration of 30 nM testosterone alleviated AGE-induced cell death.
Effect of testosterone on the apoptosis of HUVECs exposed to AGEs. To evaluate whether the proliferative effect induced by the physiological concentration (30 nM) of testosterone was due to its anti-apoptotic activity, the early-stage apoptotic cells were analyzed using Annexin V/PI double staining. Flow cytometric analysis showed that the apoptotic rate was significantly elevated by AGE treatment, compared with BSA treatment (P<0.05; Fig. 2A-C) . The effects of testosterone on AGE-induced apoptosis was then examined. Pretreatment of the HUVECs with 30 nM testosterone prevented AGE-induced cytotoxicity, compared with the AGE group (P<0.05), however, no significant differences were observed at lower or higher testosterone concentrations (P>0.05), compared with the AGE group ( Fig. 2A and D-G) . At the supraphysiological concentration of testosterone ( Fig. 2F and G) , the percentage of apoptotic cells was significantly increased (P<0.05, vs. AGE group). These results suggested that the physiological concentration of testosterone protected the HUVECs from AGE-induced apoptosis.
To further examine the molecular mechanisms underlying the anti-apoptotic effect of physiological testosterone, the present study investigated the protein expression levels of caspase-3, Bax and Bcl-2 using western blot analysis. As shown in Fig. 2H and I , treatment of the HUVECs with AGEs for 48 h led to a significant increase in the activation of caspase-3 (P<0.05, vs. BSA group). In addition, the presence of AGEs significantly increased the Bax/Bcl-2 ratio, compared with that in the BSA group (P<0.05; Fig. 2H and J). Of note, pretreatment of the HUVECs with 30 nM testosterone decreased the activity of caspase-3 and the Bax/Bcl-2 ratio stimulated by AGEs (P<0.05, vs. AGE group). However, 3 nM and 3 µM testosterone had no effect on the AGE-induced activity of caspase-3 or upregulation of the Bax/Bcl-2 ratio (P>0.05, vs. AGE group). Pretreatment with 30 µM testosterone led to significant increases in the activation of caspase-3 and the Bax/Bcl-2 ratio (P<0.05, vs. AGE group). These data suggested that the protective effect of the physiological concentration (30 nM) of testosterone against AGE-induced apoptosis may be mediated by caspase-3 and Bax/Bcl-2.
Effect of physiological testosterone on AGE-induced oxidative stress.
A common indication of endothelial cell dysfunction is enhanced oxidation, and AGEs have been associated with this (22) . Therefore, the present study investigated the concentrations of MDA and NO, and the activities of SOD, GSH-Px and eNOS to further confirm the protective effects of physiological testosterone on AGE-induced injury in HUVECs. The level of NO (Fig. 3A) and activity of NOS (Fig. 3B) in the HUVECs exposed to AGEs were found to be significantly decreased, compared with those in the BSA group. However, pre-treatment with 30 nM testosterone increased the levels of these indicators (P<0.05, vs. AGE group). Treatment of the HUVECs with AGEs caused a significant decrease in the activities of SOD (Fig. 3C ) and GSH-Px (Fig. 3D) , compared with the BSA group (P<0.05). Additionally, pre-incubation with 30 nM testosterone attenuated the changes in the activities of SOD and GSH-Px (P<0.05, vs. AGE group). As shown in Fig. 3E , the concentration of MDA in the cells treated with AGEs was significantly higher, compared with that in the BSA group (P<0.05). By contrast, there was a significant decrease in the concentration of MDA when the HUVECs were pre-treated with 30 nM testosterone (P<0.05, vs. AGE group). In the presence of 30 nM testosterone without AGEs, none of the parameters were significantly different, compared with those of the BSA group. Collectively, these results suggested that a physiological concentration (30 nM) of testosterone may act as an anti-oxidative agent by protecting HUVECs against AGE-induced oxidative stress.
Effect of physiological testosterone on the AGE-induced secretion of TNF-α.
Endothelial cells are producers of and targets for cytokines. It has been established that AGEs can stimulate the production of TNF-α in HUVECs (23) . In order to investigate whether a physiological concentration (30 nM) of testosterone can suppress the AGE-induced secretion of TNF-α, the levels of TNF-α were measured in the media of cultured HUVECs using an ELISA kit. Following the application of AGEs for 48 h, the level of TNF-α increased significantly, compared with that of the BSA group, as shown in Fig. 3F (P<0.05) , whereas the level of TNF-α was markedly suppressed by treatment with 30 nM testosterone (P<0.05, vs. AGE group). (24, 25) . In the present study, western blot analysis was used to examine whether physiological testosterone ameliorated the AGE-induced JAK2/STAT3 pathway activation. As shown in Fig. 4 , the activation of JAK2 and STAT3 were significantly increased following incubation with AGEs. However, this process was reduced by pre-incubating the cells with 30 nM testosterone. These results indicated that the physiological concentration of 30 nM testosterone may attenuate AGE-induced endothelial dysfunction via the JAK2/STAT3 pathway.
Effect of physiological testosterone on AGE-induced JAK2/STAT3 pathway activation. AGE-induced endothelial
Discussion
The most important characteristics linked to diabetic vascular complications include high levels of circulating glucose, increased oxidative stress and the accumulation of AGEs (26) . Various studies have demonstrated that AGEs are pivotal in several diabetes-associated vasculopathies (27, 28) . In the present study, it was established that AGEs caused apoptosis in HUVECs, induced the expression of oxidative stress and pro-inflammatory markers and activated JAK2/STAT3 signaling. The present study revealed that a physiological concentration of testosterone alleviated AGE-induced apoptosis, oxidative stress and inflammation in the HUVECs. In addition, the results showed that testosterone at a supraphysiological concentration increased the injury induced by AGEs. It is widely reported that AGEs induce apoptosis significantly in HUVECs (7, 29) . However, whether testosterone can inhibit this AGE-induced apoptosis remains to be elucidated. In the present in vitro study, the results of the MTS assay showed that 30 nM testosterone effectively attenuated the 
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reduction in cell viability induced by AGEs. By contrast, at higher concentrations, testosterone had a dose-dependent cytotoxic effect on the endothelial cells. As the MTS assay does not discriminate between necrosis and apoptosis, Annexin V/PI analysis was performed using flow cytometry. The pretreatment of HUVECs with 30 nM testosterone led to a marked reduction in the number of apoptotic cells. However, 30 µM testosterone promoted the apoptosis induced by AGEs. Testosterone at physiological plasma levels of 22.7±4.3 nM exhibit progressive age-related decline, whereas the incidence of coronary vascular diseases has been observed to increase with age (18) . Previous studies have supported the beneficial effects of physiological testosterone on endothelial cell function in vivo and in vitro (17, 18) . Animal studies have shown that the replacement of testosterone prevents aortic cholesterol accumulation in cholesterol-fed, orchidectomized male rabbits (30) and in low-density lipoprotein receptor knockout mice (15) . Furthermore, the replacement of physiological testosterone inhibits fatty streak formation in the testicular feminized mouse (31) . In a previous in vitro study by Jin et al (18) , physiological concentrations of testosterone were suggested to have a beneficial effect on the hemostatic system through enhancement of anticoagulant activity resulting from stimulating the expression of tissue factor pathway inhibitor and tissue plasminogen activator, and inhibiting the secretion of plasminogen activator inhibitor-1 by the endothelium. The present study also aimed to elucidate the mechanisms underlying the inhibition of apoptosis by testosterone. The AGE-induced apoptosis involved the activation of caspase-3, which appeared to be important for the progression of apoptotic cell death. Additionally, the present study revealed that the ratio of Bax, an apoptosis promoter, to Bcl-2, an apoptosis inhibitor, was markedly upregulated in endothelial cells stimulated by AGEs. The present study also demonstrated that 30 nM testosterone significantly decreased the Bax/Bcl-2 ratio and attenuated the AGE-induced activation of caspase-3.
A variety of factors, including reactive oxygen species (ROS), lipid oxidation enzymes and inflammatory cytokines, can result in vascular endothelial cell damage (32) . ROS affects lipids and leads to lipid peroxidation, which consequently produces MDA. MDA may combine with proteins, amino acids and other cellular components, changing the structure of phospholipids. However, the antioxidants, SOD and GSH-Px, may also be involved, in which SOD may cooperate with GSH-Px to remove free radicals (33) . In the present study, AGEs significantly decreased the activities of SOD and GSH-Px, but increased the contents of MDA. Following pre-treatment with 3 nM testosterone, the HUVECs were observed to resist damage from AGEs, reduce the content of MDA, and increase the activities of SOD and GSH-Px. NOS, one of the key active enzymes in maintaining the physiological function of endothelial cells, showed the capacity to remove free radicals in vivo. In addition, NOS is an enzyme involved in the formation of NO, which is in turn responsible for vasodilatation, blood pressure regulation, cardiac contractility, and the mediation of immunity during bacterial infections and inflammation (34) . Compared with the control group, the expression levels of NO and NOS in the AGE group were found to be lower. However, their expression levels increased following pre-treatment with 30 nM testosterone. These results suggested that the ameliorating effect of physiological testosterone on AGE-induced apoptosis occurs partly through the regulation of the anti-oxidation and NO pathway. AGEs can also alter vessel wall homeostasis in a pro-atherogenic manner through the release of inflammatory cytokines (5) . As reported in a previous study (23) , the secretion of TNF-α was significantly enhanced following incubation with AGEs in the HUVECs. However, 30 nM of testosterone was more effective in protecting the cells against the increase in TNF-α induced by AGEs.
JAK2 and STAT3 are factors known to transduce signals initiated by several growth factors and cytokines. The activated JAK2 tyrosine-phosphorylate and the latent cytoplasmic STAT3 are involved in AGE-induced cell damage (35) . In the present study, it was found that the activation of JAK2 and STAT3 were associated with the AGEs. In addition, physiological testosterone significantly inhibited the activation of JAK2 and STAT3. These results suggested that inhibition of JAK2/STAT3 signaling activity may be useful for alleviating AGE-induced cell damage.
In conclusion, the results of the present study showed that AGEs induced endothelial cell apoptosis in vitro and that this change was prevented by pretreatment with physiological testosterone. It was suggested that downregulating the Bax/Bcl-2 ratio and inhibiting the activation of caspase-3 by physiological testosterone may protect the HUVECs from AGE-induced apoptosis. Physiological concentrations of testosterone were also found to suppress oxidative stress, the expression of inflammatory cytokines and the activation of JAK2/STAT3 induced by AGEs. These findings demonstrated the beneficial effect of physiological testosterone on AGE-induced damage in HUVECs.
